Introduction
In the boreal forests of Finland the growth of Norway spruce (Picea abies) is greatly limited by low summer temperatures and a short growing season, additionally, a shortage of water may also affect its productivity (Bergh et al. 1999 (Bergh et al. , 2005 . The water shortage implies a pronounced reduction in stomatal conductance in response to the deficit of soil water in the growing season (Lu et al. 1995 (Lu et al. , 1996 Cienciala et al. 1998) , with a consequent reduction in carbon uptake and stem wood growth (Phillips et al. 2001) .
In Finland, the annual mean temperature is expected to increase by 2-7°C by the end of this century due to the global climate change (Carter et al. 2005; Ruosteenoja et al. 2005) . The increase is likely to be more pronounced in wintertime, though higher temperatures are also expected in summertime. At the same time, the annual precipitation may increase by 6-37%, again with the increase being the more salient in wintertime, while in the summertime it may remain the same or even decrease locally compared to the current climate (Carter et al. 2005; Ruosteenoja et al. 2005) . These changes in temperature and precipitation, along with the increase in the atmospheric CO 2 , may profoundly affect stem wood growth and productivity of Norway spruce in Finland (Kellomäki et al. 2008a) .
In addition to climatic conditions, forest management, such as thinnings, affects the carbon fixation rate in the forest ecosystems, as well as the growth and dynamics of forests (Thornley and Cannell 2000) . In thinning, the stand density is reduced to increase the availability of radiation, water, and nutrients for the remaining trees. On the other hand, due to the effects of climate change on water and nutrient cycles, as well as the carbon uptake, the sensitivity of the forest growth and productivity to thinning may be different from that under the current climate. It is assumed that under the changing climate the growth of Norway spruce may even be reduced in the boreal conditions on sites with low water holding capacity, especially if its management is not adapted to the changing climatic conditions (Kellomäki et al. 2008b ). However, little is known about the likely impacts of the concurrent change in climate and management on the growth and dynamics of forest stands, with few studies existing in this respect for boreal conditions (e.g., Mäkelä et al. 2000; Matala et al. 2005; Kellomäki et al. 2008b) .
Previous studies on the long-term growth and dynamics of boreal forests are mostly based on statistical growth and yield models (e.g., Hynynen et al. 2002) , which utilize, in their parameterization and validation, inventory data representing past management and climatic conditions. Thus, their predictions for the changing climate may be biased, although they could be of benefit regarding the decision making for management under the current climate (Matala et al. 2005) . However, for the prediction of forest productivity under the changing climate and management, process-based models should be preferred because they could predict the growth and dynamics of forests based on physiological processes driven by hydrological and nutrient cycles and climatic factors (Mäkelä et al. 2000) .
This study is implemented under the assumption that the growth of Norway spruce may be reduced under the changing climate and that the impact is dependent on the thinning scenarios used over the rotation, as well as site conditions. In this context, a process-based ecosystem model (FinnFor) was employed to determine how varying thinning scenarios may affect net carbon uptake, total growth of stem wood, and timber production but also the availability of soil water. The simulations represent Norway spruce stands on three sites with varying soil water moisture under the changing climate in southern Finland (61°N). Altogether, ten different management scenarios including one with no thinning and nine with varying thinning were used in the simulations, which were extended over a 100-year period.
Material and methods

Main principles of ecosystem model and simulations
Outline The study uses a process-based ecosystem model (FinnFor) developed by Kellomäki and Väisänen (1997) . Figure 1 shows that in the model the forest productivity and net carbon uptake (P n ) is dependent on temperature (T), atmospheric CO 2 (C a ), precipitation (P), nitrogen supply (N), and net radiation (R n ), but also on canopy stomatal conductance (g cs ) and tree respiration (R). In the model, dynamics of the foliage area (L) controls the interception of water and radiation in the canopy. Litter fall transfers nitrogen from the trees to the soil, where nitrogen is made available through the decomposition of litter and humus. In the simulations, the key question is how thinning (timing, intensity) will affect the L and its recovery after thinning, with the consequent effects on the net ecosystem productivity of the remaining trees.
Calculation of carbon uptake The physiological core of the model is the biochemical model for photosynthesis developed by Farquhar et al. (1980) . The rate of gross photosynthesis is linked to the climatic variables (radiation, air temperature, air humidity, CO 2 ) and soil variables (temperature, availability of water, and nitrogen) and calculated on an hourly basis. Seasonality between active and dormant periods controls the sensitivity of photosynthetic response to the environmental factors (Hänninen and Hari 2002) . Respiration losses include day, maintenance, and growth respirations. The remaining amount of photosynthesis (net photosynthesis) is converted to the growth of foliage, branches, coarse roots, fine roots, and stem.
Photosynthesis is calculated per unit leaf area and thereafter scaled up to canopy photosynthesis per unit ground area. This uses an integrated sun/shade sub-model, which considers the daily change in the fraction of sunlit (L sun ) and shaded leaves (L sh ) within the canopy and the difference in leaf photosynthesis and sunlit/shaded leaves stomatal conductance (g cs.sun and g cs.sh ), respectively. The values of parameters in the photosynthetic model are related to the leaf nitrogen (N L ), which is reduced as canopy depth increases (Kellomäki and Wang 1997) . The calculations for net canopy photosynthesis (P nc ) accounts separately for the contribution of sunlit (P nc.sun ) and shaded leaf (P nc.sh ) fractions. Water depletion Depletion of water is calculated hourly on the basis of total evapotranspiration, which is the sum of transpiration from trees and the evaporation from wet surfaces of the canopy and evaporation from the ground surface. A "big leaf" model Wang 1999, 2000) is used to calculate transpiration (whole tree level) by considering that transpiration depends on the cumulative effects of total leaf area and the conductance of single leaves Wang 1999, 2000) . Evaporation from the wet canopy is derived from the water pool intercepted on the foliage surface. The Penman-Monteith equation is used to compute the transpiration and canopy surface evaporation on the basis of the net radiation interception, aerodynamic resistances, and the boundary layer resistance of canopy at the mean canopy height and reference height (Monteith and Unsworth 1990) . Calculation of the evaporation from the ground surface is based on an iterative solution of the energy balance (Jansson 1991a, b) , using the Penman combination equation with the variable ground surface net radiation, aerodynamic resistance, and soil surface resistance (Monteith and Unsworth 1990) .
Soil water flow Soil surface, organic soil layer, and mineral soil layer constitute the layered structure of the soil profile (Jansson 1991a, b) . The amount of water in the soil surface pool is calculated based on the incoming (throughfall) and outgoing water flows (runoff from the surface pool, infiltration from the surface pool to soil profile, and ground surface evaporation; Väisänen 1996, 1997) . The year-round calculations included the snow accumulation, which is a function of snowfall and the melting-freezing dynamics Väisänen 1996, 1997) .
Water/heat condition in the mineral soil is calculated for the layers of soil profile as adopted from Jansson (1991a, b) . Darcy's law and Euler integration are used in the calculations. The soil profile, 1 m deep, was divided into 11 layers, which were horizontally homogenous. The impact of the soil water on forest growth is introduced into the simulations through the relative availability of water in the rooting zone (extractable water for trees), which is used to calculate the soil water deficit (W d ; Granier et al. 1999) .
where W x is the threshold of volumetric water content at the field capacity, W w is the volumetric water content at the wilting point, and W Soil is the volumetric water content in the rooting zone.
Decomposition of litter and humus The algorithm developed and parameterized by Chertov and Komarov (1997) is used in the model to calculate the decomposition of litter Fig. 1 Main framework of FinnFor model used in this study. P n net carbon uptake, L foliage area, T temperature, C a atmospheric CO 2 , P precipitation, N nitrogen supply, R n net radiation, g cs canopy stomatal conductance, R tree respiration (dead organic material from any compartment of trees) and humus (soil organic matter). The decomposition rate of different types of litter and soil organic matter is determined by soil temperature and moisture, as well as nitrogen and ash content of the litter. Litter moisture is a linear function of the moisture in the uppermost layer of the soil profile. Nitrogen is released through decomposition, but a part of it is immobilized in the mineral topsoil which is a function of the carbon/nitrogen ratio in the humus. The atmospheric deposition of nitrogen is included in the soil sub-model.
Properties of initial tree population and growth and dynamics of tree stands The initial tree population is divided into cohorts representing trees of the same size. Each cohort is defined by the tree species, the number of trees per hectare, diameter at breast height (DBH, height≥ 1.3 m, or stump height if the tree height<1.3 m), height, and age. These variables are used to initialize the model simulations. The values of dimensions of the trees (diameter, height, and stem volume, biomass of foliage, branches, coarse and fine roots) are updated annually. First, the total annual net photosynthesis is allocated to the biomass growth of different tree organs (foliage, branches, stem, coarse and fine roots) following the allometric growth between organs (Marklund 1987) . Photosynthates allocated to the stem are converted to the volume growth of stem wood (V s ) applying:
where V Initial is the initial stocking, P mass (t) is the annual net photosynthesis available for growth of stem wood in the year t and ρ is the wood density, a is a parameter. Diameter and height of trees are calculated with the help of empirical equations developed by Marklund (1987) .
Mortality The mortality rate is updated every 5 years based on the model developed by Hynynen et al. (2002) , who applied the mortality model of Reineke (1933) . At the beginning of each simulation step, the probability of the survival of trees in each cohort is calculated with regard to the stocking in the stand, the position of the trees in the stand, and the lifespan of the trees. At the end of each simulation step, the stocking of stem wood in the whole tree population is compared with the self-thinning threshold, which determines the maximum allowable stocking per unit area. If the threshold has been reached, mortality is triggered, and the number of trees is reduced in each tree cohort to the level allowed by Reineke's model with the parameter values specific for Norway spruce (Hynynen et al. 2002) .
Thinning Thinning is based on the reduction of the basal area, which is converted into the number of trees (PF(i)) to be removed from each diameter class i.
where VJ is a factor to balance the basal area after thinning to that defined by the thinning rate, RL(i) the number of trees in the diameter class i, DBH the mean diameter for trees in the stand weighted with the basal area before thinning, and DBH (i) is the diameter in the class i. The power exponent HT defines the thinning pattern and the relative reduction in the number of trees in the diameter classes.
Validation and application of the model
The validation and performance of the model has been discussed in several previous papers, in regard to: (a) model calibration of hourly photosynthetic rate and stomatal behavior (Medlyn et al. 2001 (Medlyn et al. , 2002 , (b) model computations on the influence of the interrelationship between soil moisture and forest productivity in the boreal conditions (Kellomäki and Väisänen 1996) , (c) model calculations regarding the exchange of CO 2 and H 2 O between the atmosphere and the conifer stand under boreal conditions Wang 1999, 2000) , (d) model validation against growth and yield tables and measurements of the growth history of trees in thinning experiments (Matala et al. 2003) , and (e) sensitivity analysis of the growth of Norway spruce in regard to the changes in temperature, precipitation, atmospheric CO 2 concentration, and nitrogen content of foliage (Briceño-Elizondo et al. 2006 ). This study also investigated the performance of the model by contrasting the predicted growth against the correspondingly measured growth for the permanent sample plots of the Finnish National Forest Inventory (NFI). In these calculations, 88 Norway spruce plots covering the 13 Forests Centers throughout Finland (60-70°N, see Fig. 3 ), with the growth measurements available for the period 1985-1995, were utilized. A clear correlation existed between the simulated and measured growth values (Fig. 2, left panel) , without systematic deviation between them. Furthermore, the growth prediction of the FinnFor model is also in line with a corresponding prediction of the statistical growth and yield model (Motti) in thinned Norway spruce stands under the current climatic conditions (Fig. 2, right panel) .
Layout for the simulations and data analyses
Study sites For this study, three young stands of Norway spruce, with a similar stand structure, were selected from the NFI database for 1999-2000 (Fig. 3) , on the west-toeast direction in southern Finland with the same latitude (61°N). They occupied medium fertile (Myrtillus) to fertile sites (Oxalis-Myrtillus; Cajander 1949). The initial conditions of the stands were described in terms of the diameter, height and number of trees per cohort, and the sites were characterized by the location, site type, mean volumetric water content of the topsoil (30 cm), and thickness of litter and humus (Table 1) . The sites represented different initial soil moisture conditions, i.e., site S H represented the highest, site S M the medium, and site S L the lowest soil moisture content based on Vehviläinen and Huttunen (2002) . The initial mass of organic matter in the soil was 68 Mg ha −1 for sites S H and S M and 70 Mg ha −1 for site S L .
Climate scenario The climate and weather inputs represented two scenarios for the period 2000-2099, i.e., one for the current climate (Cur) and another for the changing climate (CC). The spatial resolution of the grid for the current climate was 10×10 km, while for the changing climate scenario it was 50×50 km (Carter et al. 2005; Ruosteenoja et al. 2005) . The different resolution (grid size) for these data is dependent on the number of weather stations supplying the most reliable datasets for the scenario analyses. In the simulations, the calculation algorithm used the climate for the closest grid point for the climate data of the sample plot. The current climate represents the mean data for the period 1970-2000 repeated over the 100-year simulation period, with a constant CO 2 concentration of 352 ppm (mean for the period 1970-2000). The scenario used for the climate change was originally compiled by the Finnish Environmental Institute (SYKE) and the Finnish Meteorological Institute (FMI) for the FINADAPT project (Carter et al. 2005; Ruosteenoja et al. 2005) .
During the period 2000-2099, the annual mean temperature is projected to increase by up to 4°C in the summer and more than 6°C in the winter, while the atmospheric concentration of CO 2 is expected to increase from the value 352 ppm (mean for the period 1970-2000) to 840 ppm in the year 2099. In the southern area, covering our study sites, the average precipitation will increase by 15%, mainly Fig. 3 Location of the three study sites with varying initial soil moisture conditions (ranging from high (S H ) to medium (S M ) and low (S L )) and distribution of Norway spruce dominated forests in southern Finland Fig. 2 Left Relationship between the measured (NFI, n=88 plots) and simulated (FinnFor) stem volume growth of Norway spruce for forest inventory plots throughout Finland (60-70°N) . Right Stem volume of managed Norway spruce stands (n=47 plots) simulated using the Motti and FinnFor models (see Matala et al. 2005) in wintertime, but the increase is small in summertime (Carter et al. 2005; Ruosteenoja et al. 2005) . The annual mean temperature and precipitation over the simulation period for the three sites are presented in Fig. 4 , indicating that the precipitation on site S L is lower than on the other sites.
The data for the current and changing climate was given in terms of daily mean values considering the season shift and inter-annual variation. The values were further decomposed into hourly values by applying the weather generator developed by Kellomäki and Väisänen (1997) in order to calculate the rates of photosynthesis, respiration, and transpiration. Furthermore, the values of some weather factors not available in the FINADPT data were generated. In the simulations, the hourly values of the following weather factors were used: air temperature, CO 2 , precipitation, solar radiation, water vapor pressure, and wind velocity.
Selection of the thinning scenarios for analysis The concept of thinning scenario was used to indicate the sequence of thinning interventions based on the current thinning rules (Yrjölä 2002) . The rules use the dominant height and basal area of trees in defining the time and intensity of thinning (Fig. 5) , i.e., whenever a given upper limit for the basal area (thinning threshold) at the given dominant height is encountered, thinning is triggered. Thinning scenarios were defined in relation to the "Basic Thinning" scenario BT(0, 0), where the zeros in the parenthesis indicate no change in the triggering and remaining basal areas. In formulating new scenarios, the values of both parameters were changes, i.e., BT(±n, ±m), where n indicates the percentage increase/decrease in the thinning threshold and m the percentage increase/decrease in remaining basal area (Fig. 5) .
The timing of thinning was adjusted to the growth and dynamics of the tree population in such a way that thinning from below was executed whenever the triggering combination of dominant height and basal occurred. This adjustment excludes the natural mortality between consecutive interventions, but trees could still die before the first thinning due to crowding. Throughout the rotation, a small amount of trees died randomly, even though the mortality due to crowding was excluded between different thinnings and final cut (Hynynen et al. 2002) . The values of the triggering and remaining basal area may be combined in many ways. Based on the work of Briceño-Elizondo et al. (2006), 13 thinning scenarios (including BT(0, 0)) were created by varying the triggering and remaining basal area by 0%, ±15%, and ±30%. When testing the candidates, the scenarios BT(+30, 0) and BT (+30, +30) yielded no thinning due to the design with too high basal area top trigger thinning. In the case of the scenarios BT(−30, 0) and BT(0, +30), the difference between the triggering and remaining basal areas were too narrow to provide reasonable thinning scenarios. The remaining nine thinning scenarios were used in the analysis (Table 2) . Furthermore, a scenario with no thinning was included in the analysis. The simulations were extended over the rotation of 100 years .
Analyses of the results Based on the simulations, the performance of the following variables were studied: (a) the sensitivity of net carbon uptake and total stem wood growth to the changing climate under no thinning; (b) the effects of thinning scenario on the net carbon uptake, total growth of stem wood, and timber yield under the changing climate; and (c) the effects of thinning scenarios and changing climate on the availability of soil water.
Results
Sensitivity of net carbon uptake and growth of stem wood to the changing climate without management
Under the current climate, the net carbon uptake tended to vary widely in Norway spruce on site S L with the lowest initial soil moisture unlike on sites S H and S M with higher soil moisture (Fig. 6) . When the changing climate was applied the carbon uptake increased on sites S H and S M up to year 40 (since start of simulation), but thereafter it decreased. At the end of the 100-year simulation period, the Fig. 5 ), with upper limit (0) before and lower limit (0) of basal area after thinning equal to those currently recommended to use BT (−15, 0) Upper limit of basal area is decreased by 15%; the lower limit is kept as in BT(0, 0) BT(0, −15)
Upper limit of basal area is kept as in BT(0, 0); the lower limit is decreased by 15% BT(−15, −15)
Upper limit of basal area is decreased by 15%; the lower limit is decreased by 15% BT(+15, 0)
Upper limit of basal area increased by 15%; the lower limit is kept as in BT(0, 0) BT(0, +15)
Upper limit of basal area is kept as in BT(0, 0); the lower limit is increased by 15% BT(+15, +15)
Upper limit of basal area is increased by 15%; the lower limit is increased by 15%
BT(0, −30) Upper limit of basal area is kept as in BT(0, 0); the lower limit is decreased by 30% BT(−30, −30)
Upper limit of basal area is decreased by 30%; the lower limit is decreased by 30% cumulative carbon uptake was 1-3% lower under the changing climate than under the current climate on sites S H and S M . On site S L , the corresponding reduction in carbon uptake was much larger, i.e., about 11%. Under the changing climate, the growth of stem wood remained slightly higher on site S H during most of the rotation compared to that under the current climate. Also on site S M , the changing climate increased the growth, especially in the middle of the rotation, but decreased it towards the end of the rotation. On site S L , there was no clear difference in the growth between the current and changing climate during the first 60 years. Thereafter, the growth remained lower under the changing climate during the remainder of the rotation. At the end of rotation, the growth of stem wood on sites S H , S M , and S L was 1%, 6%, and 10% lower under the changing climate than under the current one, respectively.
When no thinning was applied, less water infiltrated into the soil profile under the changing climate than under the current climate (Table 3) . Similarly, the soil water deficit was higher in the changing climate case, especially on the site S L . The cumulative water use efficiency was higher under the changing climate than under the current climate, but lower on site S L than on the other sites.
3.2 Effects of thinning scenarios on the net carbon uptake, total growth of stem wood, and timber yield under the changing climate Under the current climate, the alternative thinning scenarios deviated from each other mostly in the frequency of interventions and in the timing of the first thinning (Table 4) . For example, the basic thinning scenario (BT(0, 0)) included two interventions during the rotation, regardless of the site, whereas the scenarios BT(−15, 0) and BT(0, +15) had three interventions. The scenarios BT(0, −15) and BT(0, −30) included only one late intervention over the rotation as did BT(+15, 0) and BT(+15, +15). Table 3 Comparison of the cumulative water infiltration into the soil, soil water deficit, and water use efficiency (the ratio between net photosynthesis and transpiration) on the three sites over the 100-year simulation period under the current (Cur-UT) and changing (CC-UT) climate without thinning regime
Sites
Water infiltration to the soil (mm·ha Under the changing climate, the carbon uptake was 2.4-2.7% higher for the thinning scenarios BT(+15, 0) and BT (+15, +15) than for the basic scenario (BT(0, 0); Fig. 7 , upper panel) on sites S H and S M . The carbon uptake was also enhanced for the thinning scenarios BT(−15, 0) and BT(0, +15), i.e., being 1.3-1.8% higher compared to that for the basic scenario BT(0, 0). On site S L , the carbon uptake was the highest for the scenarios BT(−15, 0) and BT (0, +15). Similarly, it was also higher for the scenarios BT (0, 0) and BT(−15, −15) compared to BT(+15, 0) and BT (+15, +15).
As expected, the varying thinning scenarios variously affected the growth of stem wood (Fig. 7, bottom panel) .
On sites S H and S M , the scenarios BT(−15, 0), BT(0, +15), BT(+15, 0), and BT(+15, +15) gave the highest growth, which was also the case for the total net carbon uptake. On site S L , the growth was the highest for the scenarios BT(0, −15), BT(0, +15), BT(0, 0), and BT(−15, −15). Regardless of the sites, the scenario BT(−30, −30) gave the lowest growth of stem wood and carbon uptake. Compared to the basic thinning scenario (BT(0, 0)), the growth was 2-4.8% higher on sites S H and S M for the scenarios BT(+15, 0) and BT(+15, +15). Similarly, the scenarios BT(−15, 0) and BT(0, +15) increased the growth by 1.5-3.7% compared to BT(0, 0) on sites S H and S M . On site S L , the growth was similar (0.3-0.7% difference) for Fig. 7 Effects of varying thinning scenarios (see Table 2 ) on the cumulative carbon uptake (upper panel) and total stem wood growth (bottom panel) on the three sites with varying initial soil moisture conditions (ranging from high (S H ) to medium (S M ) and low (S L )) under the changing climate over the 100-year period. The horizontal solid and dashed lines are the values of no thinning and currently applied thinning scenario BT(0, 0) under the changing climate, respectively the scenarios BT(−15, 0) and BT(0, +15) and the basic scenario BT(0, 0). Under the other thinning scenarios, the growth was lower than under the basic scenario (BT(0, 0)). In general, management scenarios with frequent thinning, such as scenarios BT(−15, 0) and BT(0, +15), yielded more timber than scenarios with less frequent thinning (Table 5) over the rotation, regardless of the site. On the other hand, the growth of stem wood was positively related to the total net carbon uptake over the rotation regardless of both the thinning scenario and site (Fig. 8) .
3.3 Effects of management and changing climate on availability of soil water Thinning increased water infiltration in the soil profile, and thus, reduced the soil water deficit compared to the situation with no thinning (Fig. 9) . The thinning scenarios BT(−15, 0) and BT(0, +15) with three thinnings over the rotation increased the infiltration of water into the soil the most, with consequent reduction in the soil water deficit. When applying the basic thinning (BT(0, 0)) with two interventions, the soil moisture deficit was also reduced, but less than in the previous case. Similarly, the thinning scenarios BT(+15, 0) and BT(+15, +15), with one thinning over the rotation, slightly reduced the soil water deficit.
Discussion and conclusion
This study was implemented under the assumption that the growth of Norway spruce may be reduced under the changing climate due to the decreasing availability of soil water and that the impact is dependent on the thinning scenarios and site conditions. This claim is supported by the most recent climate change scenarios, which show only a small increase in future summer precipitation in Finland. This is likely to not meet the enhanced evaporation as a result of the forecasted higher temperatures. Consequently, the frequency of drought episodes is likely to increase, even though the winter precipitation may increase (Carter et al. 2005; Ruosteenoja et al. 2005) . In this context, we assumed that the negative effects of drought episodes could be reduced by modifying the current thinning recommendations in order to reduce the evaporation losses and thus to increase water flow into the soil profile.
According to our results, the climate change is likely to increase the carbon uptake and growth of Norway spruce in southern Finland in the next few decades. This result is in line with previous model predictions, which were based on a gap-type model (Kellomäki et al. 2008b ). The increase is related to earlier and more rapid recovery of photosynthetic capacity in spring and the prolongation of photosynthetic active season in autumn. However, during the latter part of the simulation period, the evaporation from canopy surfaces and the ground increased to such an extent that less water will infiltrate into the soil profile with a resulting increase in drought periods and reduction in the carbon uptake and growth. Our findings are supported by the previous longterm field experiments for Norway spruce in southern and central Sweden (see Roberntz and Stockfors 1998; Bergh et al. 1999; Phillips et al. 2001) .
Under the changing climate, the occurrence of summer droughts is further enhanced by the reduced snow accumulation and early snow melt, which reduces the replenishment of soil water in spring time (Kellomäki and Väisänen 1996) . Furthermore, water runoff is expected to increase considerably due to rapid snowmelt under warmer climate (see Silander et al. 2006) , thereby reducing the availability of soil water. The decrease in soil moisture also negatively Ge et al. 2010) . The vulnerability of Norway spruce to the climate change is further enhanced by large leaf area index and large leaf-to-sapwood ratio (Waring et al. 1982; Whitehead et al. 1984) , which maintain high water interception and potential water consumption (transpiration) under the elevated temperature. However, the impacts of the reduced soil water on the carbon uptake and growth may partly be compensated by the increasing water use efficiency as found to occur in conifers under elevated CO 2 (cf. Kellomäki and Wang 1998) . This increase is partly related to changes in stomatal functions and partly due to the increase in supply of CO 2 . This held also in our simulation study, which showed an increase of 12-15% in the water use efficiency on sites S H and S M under the changing climate (Table 3) .
In our work, the various thinning scenarios adopted deviated from each other mainly in terms of the number and intensity of the thinnings and the timing of the first thinning (Table 4) . Regardless of the site, the management with frequent thinnings yielded more timber than management with less frequent or heavy thinnings (Table 5 ). This pattern is related to the mean stocking, which was larger in the former case over the rotation. On the other hand, the thinning increased water infiltration into the soil profile and thus, reduced the soil water deficit compared to the situation with no thinning (Fig. 9) . Furthermore, the infiltration of water into the soil increased if the mean spacing was kept wider throughout the rotation with less evaporative losses from the canopy than in other cases.
A proper thinning scenario (timing, intensity, and frequency of interventions) seems to mitigate the harmful effects which the climate change may have on the growth of Norway spruce due to evaporative losses of water. Previously, Kellomäki et al. (2008a) have demonstrated, for central European conditions, that the wider spacing and regular thinning may increase the water yield by 15-20% over the rotation when there is reduced evaporation from canopy surfaces.
In this context, different ecosystem services such as timber yield and carbon stock in the forest ecosystems should also be taken into account. On the sites with high soil water availability, the thinning scenarios with moderate intensive thinning (BT(−15, 0) and BT(0, +15)) and/or scenarios with delayed first thinning (BT(+15, 0/+15)) may simultaneously provide higher stem wood growth and carbon stock in stocking (Fig. 7) , opposite to the scenarios with earlier heavy thinnings such as BT (−30, −30) , where the mean stocking is low. Regarding the sites with poor soil water availability, the thinning scenarios with moderate Fig. 9 Comparison of the cumulative water infiltration into the soil (upper panel) and soil water deficit (bottom panel) on the three sites over the 100-year simulation period under the changing (CC, unthinned) climate (first bar series) with five selected thinning scenarios (see Table 2 ) under the changing climate (last five bar series). S H represents the site with the highest, S M the medium, and S L the lowest initial soil moisture content intensive thinning may be useful for soil water deficit mitigation, leading to even higher timber yield (Fig. 9 , Table 5 ).
Based on our findings, there is evident need to modify the current thinning guidelines for Norway spruce in order to adapt the Norway spruce forests to the climate change in southern Finland. Among the key questions is how to fully consider the region-and site-specific differences regarding water supply for growth and carbon sequestration in the forest ecosystem.
